Abstract. Allograft rejection is an important issue post cardiac transplantation. In order to investigate the effect of combined treatment with simvastatin and rapamycin on allograft rejection, a cardiac transplantation rat model was employed in the present study. The survival time of rats following cardiac transplantation was recorded, while histopathological alterations were assessed by hematoxylin and eosin staining. The levels of transcription factors were measured by reverse transcription-quantitative polymerase chain reaction. In addition, the levels of CD4 + interleukin (IL)-17 + cells and CD4 + forkhead box P3 (FOXP3) + cells in the allografts and CD4 + T cells and CD8 + T cells in the spleens were detected by flow cytometry. The results of the current study demonstrated that, following treatment with simvastatin and rapamycin, the survival time of model rats was prolonged, and the histopathological damage was attenuated. Treatment with simvastatin and rapamycin also led to decreased retinoic acid receptor-related orphan receptor γt (RORγt) level, increased FOXP3 level, reduced levels of CD4 + IL-17 + , CD4
Introduction
Cardiac transplantation is a primary treatment for patients with end-stage heart failure (1) . Despite of the progress of surgical techniques, allograft rejection is a major cause of mortality post cardiac transplantation. Immune responses serve important roles in transplantation rejection and immunosuppressive agents are usually employed to prevent allograft rejection.
Statins exhibit immunomodulatory effects and are beneficial following transplantation due to reducing the transplant rejection and allograft vasculopathy rates (2) (3) (4) (5) . Simvastatin is a type of cholesterol-lowering agent that also serves an immunomodulatory role through the inhibition of superantigen-mediated T cell activation (2) . It is widely used for the reduction of cardiovascular morbidity and mortality (6, 7) , and pretreatment with simvastatin has been reported to decrease the apoptosis and necroptosis in cardiac allograft ischemia/reperfusion (8) .
The agent rapamycin is an inhibitor of the mammalian target of rapamycin protein and an autophagy stimulator. It blocks signal transduction through different cytokine receptors, arresting the cell cycle of T cells and thus exerting an immunosuppressive effect (9) (10) (11) . Rapamycin is also able to suppress fibrosis subsequent to liver transplantation, as well as chronic graft vascular disease following cardiac transplantation (12, 13) .
Simvastatin and rapamycin demonstrate immunomodulatory effects; however, the effect of combined treatment with these two agents on cardiac allograft rejection remains unclear. In the present study, the effect of combined treatment with simvastatin and rapamycin on cardiac allograft rejection was investigated in a rat model of cardiac transplantation. The study suggests that combined treatment with simvastatin and rapamycin may be a promising adjuvant therapy to prevent allograft rejection post cardiac transplantation. Cardiac transplantation procedure. Wistar rats were used as the donors and Sprague Dawley rats were used as the recipients. Donor and recipient rats were food-fasted for 12 h and water-fasted for 4 h before cardiac transplantation surgery, and then rats were subjected to surgery. Briefly, the donor rat was anesthetized with chloral hydrate (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany; 400 mg/kg, intraperitoneal injection) and a midline abdominal incision was made. Ice-cold cardioplegic solution with heparin (200 U/ml) was injected into the inferior vena cava. Next, the abdominal aorta and inferior vena cava were transected and blood was removed. The pericardium was opened and cardioplegic solution (normal saline 470 ml, 10% potassium chloride 7.5 ml, 25% magnesium sulfate 2 ml, 5% calcium chloride 1.5 ml, 10% procaine 2 ml, 5% sodium carbonate 20 ml) was injected through the root of the ascending aorta. The heart was washed with ice-cold balanced salt solution several times to ensure full cardiac arrest. Subsequently, the inferior and right superior venae cavae were ligatured and transected, and the auricula dextra was ligatured together with the right superior vena cava. The ascending aorta, pulmonary artery and innominate artery were then detached from the surrounding tissues, followed by transection of the ascending aorta in the proximal innominate artery and transection of the pulmonary artery in the proximal pulmonary artery. The heart was then lifted up, the left and right pulmonary veins and left superior vena cava were ligatured, and the heart was resected and kept in ice-cold balanced salt solution. Prior to cardiac transplantation, the recipient rat was anesthetized with chloral hydrate and a midline abdominal incision was made. The intestinal loop was pushed to the right and protected with warm saline gauze, while the inferior vena cava and the aorta were dissected. The donor heart was protected with ice-cold saline cotton slices and transplanted into the abdomen of the recipient through anastomosis. The left side of the aortic anastomosis was initially completed, and the heart was then turned over to the left side for completion of the right side of aortic anastomosis. Subsequently, the pulmonary artery was anastomosed to the inferior vena cava in a similar pattern without turning over the heart. After the anastomosis was completed, the clamp was removed and the abdomen was closed. Rats received 5,000 U gentamycin (Harbin Pharmaceutical Group Co., Ltd., Harbin, China; intraperitoneal injection) to prevent infection. Following cardiac transplantation, the rats were kept in an incubator and fed with warm glucose solution after awaking. The viability of the allograft was assessed every day by palpation. Cardiac transplantation with a strongly beating allograft that lasted for >72 h was regarded as successful.
Materials and methods

Materials
Simvastatin and rapamycin treatment. The rats were divided into four groups, including the untreated, simvastatin, rapamycin and rapamycin+simvastatin groups, with 18 rats in each. Rats in the untreated group received only cardiac transplantation surgery without further treatment. Rats in the rapamycin group received cardiac transplantation and rapamycin (1 mg/kg/day; intraperitoneal injection) at 0-7 days post-surgery. Rats in the simvastatin group received cardiac transplantation and simvastatin treatment (20 mg/kg/day; intragastric administration) at 1-7 days prior to surgery. Rats in the rapamycin+simvastatin group received cardiac transplantation, simvastatin pretreatment (20 mg/kg/day at 1-7 days before surgery; intragastric administration) and rapamycin treatment (1 mg/kg/day at 0-7 days post-surgery; intraperitoneal injection). In each group, 6 rats were used for survival analysis, while 4 rats were sacrificed respectively on days 3, 5 and 7 post-surgery. The allografts and spleens were obtained under sterile conditions. The samples were divided into three sections, which were then subjected to immediate detection by flow cytometry, fixed in 4% paraformaldehyde for subsequent histopathological examination, or stored in liquid nitrogen for subsequent reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Histopathology examination. Following fixation with 4% paraformaldehyde and dehydration in increasing grades of ethanol, the allografts from each group were embedded into paraffin and cut into 5-µm sections. The sections were subjected to routine hematoxylin and eosin (H&E) staining and observed under an optical microscope (Olympus Corp., Tokyo, Japan) at x100 magnification. The parenchymal rejection (PR) score (15) of the stained sections was determined as follows: 0, no rejection; 1, focal mononuclear cell infiltration without necrosis; 2, focal mononuclear cell infiltration with necrosis; 3, multifocal infiltration with necrosis; and 4, widespread infiltration with hemorrhage and vasculitis.
RT-qPCR. Total RNA from the allografts in each group was extracted using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. Next, the RNA purity was assessed and then the RNA was reverse transcribed into cDNA with a cDNA first-chain reverse transcription kit (HaiGene Bio, Harbin, China). The levels of retinoic acid receptor-related orphan receptor γt (RORγt) and forkhead box P3 (FOXP3) were then measured using qPCR (SYBR Green method) with cDNA as a template and the following primers: RORγt forward, 5'-TGC AAG ACT CAT CGA CAA GG-3', and reverse, 5'-AGG GGA TTC AAC ATC AGT GC-3'; FOXP3 forward, 5'-ACT GGG GTC TTC TCC CTC AA-3', and reverse, 5'-GTG GGA AGG TGC AGA GTA G-3'; GAPDH forward, 5'-AAC TCC CAT TCT TCC ACC TTT-3', and reverse, 5'-CTC TTG CTC TCA GTA TCC TTG-3'. The PCR mixture included 2 µl cDNA, 4 µl 5x Golden HS SYBR Green qPCR Mix (HaiGene Bio), 0.8 µl forward primer, 0.8 µl reverse primer, and water to give a final volume of 20 µl. The thermocycling conditions were as follows: 95˚C for 15 min followed by 40 cycles of 95˚C for 10 sec and 60˚C for 30 sec. The mRNA levels of RORγt and FOXP3 were normalized to GAPDH, and the relative mRNA levels were calculated using the 2 -ΔΔCq method (16) .
Detection of CD4 + and CD8 + T cells in spleens.
The spleens of rats in each group were obtained and made into tissue homogenates. Subsequent to passing through a 200-mesh sieve, single-cell suspension was collected and resuspended in 5 ml red blood cell lysis buffer (HaiGene Bio) in order to eliminate red blood cells. Thereafter, cells were washed with phosphate-buffered saline and resuspended in 5 ml fetal bovine serum Staining Buffer (BD Biosciences, Franklin Lakes, NJ, USA; cat. no. 554656). The cells were then incubated with allophycocyanin (APC)-labeled CD45 antibody (eBioscience; Thermo Fisher Scientific, Inc.; 1:100; cat. no. 17-0461) plus fluorescein isothiocyanate (FITC)-labeled CD4 antibody (eBioscience; Thermo Fisher Scientific, Inc.; 1:100; cat. no. 11-0040), or with APC-labeled CD45 antibody plus phycoerythrin (PE)-labeled CD8 antibody (eBioscience; Thermo Fisher Scientific, Inc.; 1:100; cat. no. 12-0084) at 4˚C for 20 min in the dark. Subsequently, the cells were analyzed using flow cytometry.
Detection of CD4 + FOXP3
+ cells in cardiac allografts. The allografts of rats in each group were harvested, cut into 1 mm sections and digested with Collagenase D (Sigma-Aldrich; Merck KGaA) for 6 h. Subsequent to passing through a 200-mesh sieve, a single-cell suspension was obtained and treated with red blood cell lysis buffer. The cells were then collected and added into Dulbecco's modified Eagle's medium containing 50 ng/ml ionomycin (BioAustralis, Smithfield, Australia) and 50 ng/ml phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich; Merck KGaA). Following incubation for 3 h, 2 µg/ml brefeldin A (Cell Signaling Technology, Inc., Beverly, MA, USA) were added into cells and incubated for an additional 1 h. Thereafter, cells were collected, resuspended in Staining Buffer and incubated with FITC-labeled CD4 antibody (eBioscience; Thermo Fisher Scientific, Inc.; 1:100; cat. no. 11-0040) at 4˚C for 20 min in the dark. Following incubation, the cells were collected and resuspended in Human FOXP3 Buffer A (BD Biosciences) and incubated for 10 min. After washing with Staining Buffer, cells were resuspended in Human FOXP3 Buffer C (BD Biosciences) and incubated for 30 min. After washing with Staining Buffer, cells were incubated with PE-labeled FOXP3 antibody (eBioscience; Thermo Fisher Scientific, Inc.; 1:100; cat. no. 12-5773) in the dark for 30 min at room temperature. Subsequent to washing, the cells were collected, resuspended in Staining Buffer and analyzed with flow cytometry.
Detection of CD4
+ interleukin (IL)-17 + cells in cardiac allografts. Allografts from each group were harvested, and a signal-cell suspension was obtained as described earlier. Statistical analysis. Experimental results are presented as the mean ± standard deviation. Kaplan-Meier survival curves were drawn according to the survival time of rats post-surgery. Differences in the PR scores were analyzed using Mann-Whitney U test. Difference between groups was analyzed with one-way analysis of variance. P<0.05 was considered to indicate differences that were statistically significant.
Results
Combined treatment with simvastatin and rapamycin prolongs the survival time of rats. Subsequent to cardiac transplantation and treatment with simvastatin and/or rapamycin, the survival time of rats was recorded (Table I) . In rats receiving simvastatin or rapamycin, the survival times were prolonged compared with those in the untreated group. In rats receiving combined treatment with simvastatin and rapamycin (simvastatin+rapamycin group), the survival time was significantly prolonged compared with those in the simvastatin or rapamycin group ( Fig. 1; P<0.001 ). These results demonstrated that combined treatment with simvastatin and rapamycin showed a beneficial effect against the cardiac allograft rejection. Combined treatment with simvastatin and rapamycin attenuates histopathological damage. Subsequent to cardiac transplantation and treatment with simvastatin and/or rapamycin, H&E staining was performed to detect the histopathological changes in the allografts. As shown in Fig. 2 , allografts in the untreated group presented a large amount of inflammatory cell infiltration, interstitial hemorrhage and necrocytosis. However, following treatment with simvastatin or rapamycin alone, the allografts demonstrated a smaller amount of inflammatory cell infiltration and swelling. Following combined treatment with simvastatin and rapamycin, the histopathological damage was attenuated on days 3, 5 and 7 with declined PR scores observed (Fig. 2) . These results demonstrated that combined treatment with simvastatin and rapamycin attenuated the histopathological damage in the allografts.
Combined treatment with simvastatin and rapamycin diminishes CD4 + and CD8 + T cells in the spleens.
To further examine the mechanism underlying the protective effect of combined treatment with simvastatin and rapamycin against allograft rejection, the levels of CD4 + and CD8 + T cells in the spleens in each group were detected by flow cytometry. The results of flow cytometry revealed that treatment with simvastatin reduced the level of CD4 + T cells on days 3 and 7 compared with the untreated group; treatment with rapamycin also decreased the level of CD4 + T cells on days 3, 5 and 7 (Fig. 3) . Following combined treatment with simvastatin and rapamycin, the levels of CD4 + T cells were decreased compared with the untreated group and were also lower than compared with the simvastatin or rapamycin groups (Fig. 3) . In addition, the levels of CD8 + T cells presented a decrease following simvastatin or rapamycin treatment, and a lower level of CD8 + T cells was observed following treatment with simvastatin+rapamycin (Fig. 4) . These results demonstrated that combined treatment with simvastatin and rapamycin decreased the levels of CD4 + and CD8 + T cells in the spleens, and that the protective effect of this treatment may be associated with the immune system.
Combined treatment with simvastatin and rapamycin decreases T helper 17 (Th17) cells in the cardiac allografts.
The levels of Th17 cells in the allografts were detected by flow cytometry. Compared with the untreated group, the levels of Th17 cells in the allografts were decreased subsequent to treatment with simvastatin or rapamycin. Compared with the simvastatin or rapamycin group, the simvastatin+rapamycin group had a lower level of Th17 cells (Fig. 5A-F) . These results demonstrated that the combined treatment decreased the levels of Th17 cells in the allografts. RORγt is essential for Figure 2 . Combined treatment with simvastatin and rapamycin attenuated the pathological damage. Recipient rats were sacrificed and the histopathological damage in each group was assessed by hematoxylin and eosin staining on (A) day 3, (B) day 5 and (C) day 7 after cardiac transplantation (magnification, x100). The PR scores in each group were also assessed on (D) day 3, (E) day 5 and (F) day 7 (n=4). the development and function of Th17 cells, and thus the levels of RORγt in the cardiac allografts were detected by RT-qPCR. The results demonstrated that, compared with the untreated group, the RORγt levels were decreased in the simvastatin, rapamycin, or simvastatin+rapamycin group (Fig. 5G-I ). There results provided further evidence for the effect of combined treatment with simvastatin and rapamycin on Th17 cells in the allografts.
Combined treatment with simvastatin and rapamycin increases regulatory T (Treg) cells in the allografts.
The levels of Treg cells in the allografts were detected by flow cytometry. Compared with the untreated group, the levels of Treg cells in the allografts of rapamycin group were increased. Furthermore, a higher level of Treg cells was observed in the simvastatin+rapamycin group (Fig. 6A-F) . These results demonstrated that combined treatment with simvastatin and rapamycin increased the levels of Treg cells in the allografts. FOXP3 has a close association with the development and function of Treg cells, and thus the FOXP3 levels were detected by RT-qPCR. The results revealed that the levels of FOXP3 were increased following combined treatment with simvastatin and rapamycin when compared with the untreated group ( Fig. 6G-I) .
Discussion
In the present study, the effect of combined treatment with simvastatin and rapamycin on cardiac transplantation rejection was investigated. Combined treatment was observed to The results of the present study demonstrated that combined treatment with simvastatin and rapamycin may be a promising adjuvant therapy to protect against rejection following cardiac transplantation.
In the current study, combined treatment with simvastatin and rapamycin demonstrated a protective effect against allograft rejection, prolonging the survival time and attenuating pathological damages. Simvastatin has been reported to perform an immunomodulatory function, inhibiting the proliferation and lowering the viability of T cells (17, 18) . Donor simvastatin treatment has been demonstrated to prevent against allograft rejection by reducing the inflammatory response, as well as attenuating myocardial fibrosis and ischemia/reperfusion injury (19) . Simvastatin is also able to delay the accumulation of intragraft chemokines and the expression of chemokine receptors, thus attenuating cardiac allograft vasculopathy (20) . In the present study, treatment with simvastatin alone was found to prolong the survival time of rats following cardiac transplantation; however, the pathological damage was not significantly attenuated.
Rapamycin is an oral immunosuppressant that is able to increase the proliferation of Treg cells and suppress the release of inflammatory factors (21, 22) . In the present study, treatment with rapamycin alone prolonged the survival of rats and attenuated the pathological damage. Rapamycin has been previously used as an immunosuppressant to treat the rejection response following organ transplantation. However, due to its inefficiency at low dosage and side effects, the clinical application of rapamycin is limited (23) .
In clinical practice, a combination of immunosuppressants is commonly used by transplant recipients to enhance the efficacy and to lower the occurrence of adverse side effects. In the present study, combined treatment with simvastatin and rapamycin demonstrated an enhanced protective effect on the cardiac transplantation rejection. Additionally, it has been reported that this combined does not cause adverse side effects (24) . Treatment with simvastatin reverses the proliferation, migration and cell apoptosis of cardiac microvascular endothelial cells impaired by rapamycin (25) . Furthermore, rapamycin exerts a synergistic effect with Treg cells to prevent against allograft rejection (26) (27) (28) . These observations suggest that combined treatment with simvastatin and rapamycin may be a promising adjuvant therapy to relieve allograft rejection following cardiac transplantation.
The immune system serves an important role in transplantation rejection, and since the spleen is associated with immune responses, it has been reported that the survival of allografts was prolonged following splenectomy (29) . In the present study, the levels of CD4 + and CD8 + T cells in the spleen were decreased subsequent to combined treatment with simvastatin and rapamycin. These results indicate that the protective effect of simvastatin and rapamycin against cardiac rejection may be associated with the immune system. Th17 and Treg serve important roles in transplantation rejection. Th17 mediates chronic allograft rejection and functions as a barrier to allograft tolerance (30, 31) . In addition, Treg cells contribute to the induction and maintenance of tolerance to allografts and prolong graft survival (32, 33) . The imbalance of Th17/Treg cells is associated with transplantation rejection (34) , and therapies modulating the balance of Th17/Treg are considered to be promising in the transplantation rejection prevention. The current study observed that simvastatin and rapamycin treatment resulted in decreased levels of Th17 cells, whereas the levels of Treg cells were increased. Therefore, these results suggest that combined treatment with simvastatin and rapamycin may perform a protective effect against cardiac rejection through the regulation of Th17 and Treg cells.
In conclusion, the present study demonstrated that combined treatment with simvastatin and rapamycin prolonged the survival of rats and reduced histopathological damage, thus attenuating cardiac allograft rejection, through the regulation of Th17 and Treg cells. Therefore, combined treatment with simvastatin and rapamycin may be a promising adjuvant therapy for the reduction of rejection following cardiac transplantation.
